Abstract: VapBC pairs account for 45 out of 88 identified toxin-antitoxin (TA) pairs in the Mycobacterium tuberculosis (Mtb) H37Rv genome. A working model suggests that under times of stress, antitoxin molecules are degraded, releasing the toxins to slow the metabolism of the cell, which in the case of VapC toxins is via their RNase activity. Otherwise the TA pairs remain bound to their promoters, autoinhibiting transcription. The crystal structure of Rv0301-Rv0300, an Mtb VapBC TA complex determined at 1.49 Å resolution, suggests a mechanism for these three functions: RNase activity, its inhibition by antitoxin, and its ability to bind promoter DNA. The Rv0301 toxin consists of a core of five parallel beta strands flanked by alpha helices. Three proximal aspartates coordinate a Mg 21 ion forming the putative RNase active site. The Rv0300 antitoxin monomer is extended in structure, consisting of an N-terminal beta strand followed by four helices. The last two helices wrap around the toxin and terminate near the putative RNase active site, but with different conformations. In one conformation, the C-terminal arginine interferes with Mg 21 ion coordination, suggesting a mechanism by which the antitoxin can inhibit toxin activity. At the N-terminus of the antitoxin, two pairs of Ribbon-Helix-Helix (RHH) motifs are related by crystallographic twofold symmetry. The resulting hetero-octameric complex is similar to the FitAB system, but the two RHH motifs are about 30 Å closer together in the Rv0301-Rv0300 complex, suggesting either a different span of the DNA recognition sequence or a conformational change.
Introduction
Toxin-antitoxin (TA) loci are found in many prokaryotes and archaea. TA are typically organized as bicistronic operons that encode a stable toxin and a labile antitoxin. 1 The toxin protein inhibits growth, or kills the cell at high enough doses, and its cognate antitoxin neutralizes the toxin by forming a tight complex. Under certain conditions, such as nutritional stress, the antitoxin is degraded and leaves an active toxin. 2 The first toxin structure to be determined was the E. coli F plasmid CcdB toxin. 3 The structures of many toxins, antitoxins, and TA complexes have been determined since, including E. coli plasmid R1 Kid toxin, 4 E. coli MazE-MazF TA complex, 5 broad-hostrange low-copy-number plasmid pSM19035 from Streptococcus pyogenes e 2 f 2 TA complex, 6 E. coli YoeB toxin and YefM2-YoeB TA complex, 7 archaeal Pyrococcus horikoshii aRelE-aRelB TA complex, 8 Neisseria gonorrhoeae FitAB TA complex, 9 solution structure of the broad host range low-copy-number plasmid pRK2/RP4 ParD antitoxin, 10 Mycobacterium tuberculosis (Mtb)
YefM antitoxin, 11 and Mtb VapBC-5 TA complex. 12 The genome of Mtb H37Rv strain encodes at least 88 TA loci covering five families of toxins. 13 The mechanisms have been elucidated for at least one member from four out of the five families. A few members of the RelE, HigB, and MazF family members have been shown to be mRNA-specific endonucleases, and have been termed interferases. [14] [15] [16] [17] [18] ParE toxins have been shown in E. coli to block DNA replication by inhibiting DNA gyrase activity. 19 The VapBC family is by far the largest TA family by numbers, with 45 identified in Mtb H37Rv, 13 but its function remains unclear. The VapC toxins are members of the PIN-domain family which are characterized by an a/b/a sandwich topology and four conserved acidic residues. 20 Computational analysis has suggested that VapC toxins are ribonucleases, 20 and there is increasing biochemical data that support the idea. For example, VapC-1 from Haemophilus influenza, 21 VapC-5 from Mtb, 12 VapC-1 and VapC-2 from
Rickettsia felis, and VapcC-1 from Ricketssia bellii 22 have been reported to exhibit ribonuclease activity. In spite of the knowledge gained regarding the biochemical function of VapC toxins, their physiological roles are largely unknown. The fitAB operon of the sexually transmitted pathogen Neisseria gonorrhoeae 23 was discovered through genetic screens, unlike the majority of vapBC loci which were discovered through bioinformatics. FitAB deletion mutants grow faster than wild-type inside epithelial cells, and subsequent structures have shown that the FitA antitoxin consists of an N-terminal ribbon-helix-helix (RHH) motif, and a C-terminal FitB toxin-binding interface. 24 The RHH motif is a conserved threedimensional structural motif that binds to DNA in sequence-specific manner. FitA binds to its own promoter and the FitAB complex binds the same DNA Numbers in parentheses refer to the outer shell of data.
Min et al.
sequence with a much higher affinity than the FitA alone. This autoregulatory nature is common to many TA loci including vapBC loci. The FitAB complex was described as a tetramer of FitAB heterodimers. No ribonuclease activity was detected for FitB but it was suggested that it may target a specific sequence. 9, 24 Mtb is known to lie dormant inside macrophages, and the biological roles of at least some of its numerous vapBC loci may be to slow cell growth for presumed survival advantages, similar to the roles proposed for FitAB. FitAB has been hypothesized to allow N. gonorrhoeae to hide inside host cells to evade immune responses and to allow some hosts to remain asymptomatic carriers. 9, 23, 24 Mtb follows parallel strategies. The structure of the FitAB TA complex bound to DNA revealed an octamer. 9 Recently, two more VapBC complexes have been described as forming octamers: VapBC from Shigella flexneri 25 and
VapBC2 from Rickettsia felis.
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Our 1.49 Å crystal structure of the VapBC complex Rv0301-Rv0300 from Mtb is the highest resolution TA complex to date, and reveals a bound Mg 2þ ion at the active site. Furthermore, the detailed structure of the VapC toxin suggests distinct RNAbinding grooves and antitoxin-binding grooves.
Our interest in Mtb TA pairs is the possibility that they are key players in tuberculosis persistence, which is thought to be an essential mechanism by which Mtb acquires drug resistance.
Results
Overall structure of the Rv0301-Rv0300 VapBC-3 toxin-antitoxin complex
We determined the structure of the Rv0301-Rv0300 complex by single anomalous wavelength dispersion, using selenomethionine substitutions. Six selenium atoms were located in the asymmetric unit, which turned out to be three per TA pair out of a total of six methionine residues. Electron density was visible for T2 to R137 of the chain A toxin, T2 to P139 of the chain B toxin (out of a wild type sequence of 141 amino acids), and all but the start methionines of the antitoxins chain C and chain D (out of a wild type sequence of 73 amino acids). Additionally, five glycerol molecules, one imidazole molecule, one Mg 2þ ion, one b-mercaptoethanol molecule, and 426 water molecules were modeled. The native structure was refined at 1.49 Å resolution to a R work of 0.16 and an R free of 0.17. Statistics for data collection and refinement are shown in Table I . The asymmetric unit consists of two Rv0301 toxin molecules and two Rv0300 antitoxin molecules [ Fig. 1(A Fig. 1(B) ].
The Rv0301 toxin has a PIN-domain fold and coordinates a Mg 21 ion
The Rv0301 toxin molecule forms a tightly packed globular protein with the characteristics of a canonical PIN-domain protein, such as an a/b/a sandwich topology and four conserved acidic residues. The conserved residues are D9, E43, D99, and D117. The sandwich consists of five parallel beta strands flanked by four N-terminal alpha helices and three C-terminal alpha helices [ Fig. 2(A) ]. Despite low sequence identity, the PIN-domain fold is structurally well conserved [Table II and Fig. 2(B) ]. In one of the subunits (chain A), the last two of these residues (D99 and D117) cluster together with another residue, D119, and three water molecules to coordinate an atom [ Fig. 3(A,B) ]. The 2.2-2.3 Å separations and the octahedral geometry indicate that the atom is a Mg 2þ ion, which is why we term the subunit Mg-bound toxin. No such coordination is observed in the other toxin subunit (chain B), which we term the Mg-unbound toxin. The two toxin subunits are related by a pseudo twofold symmetry: structural alignment of the Mg-bound and Mg-unbound toxins result in a C a RMSD of 0.6 Å . The major differences are observed around the peptide bond linking G94 to P95, which is trans in the Mg-bound form and cis in the Mg-unbound form, and the loop formed by the residues R89 to S96 which shifts positions. Another major difference is in the ion binding site. The 2.3 Å distances between the Mg 2þ ion and D99, D117, and D119 in the Mg-bound form would be increased to estimated distances of 2.5 Å , 2.5 Å , and 3.6 Å respectively in the Mg-unbound form [ Fig. 3(C) ]. Interestingly, of the three Mg 2þ -coordinating aspartates, only D99 and D117 are conserved in PIN-domain sequences, and only D99 is conserved structurally [ Fig. 3(D) ]. The only other VapC structure solved with a metal ion bound at the active site is PAE0151 (PDBid 2FE1), which coordinates a Mn 2þ -ion. In the PAE0151 structure, only two residues, D100 and D118 (corresponding respectively to D99 and D117 of Rv0301), participate in Mn 2þ -coordination, with D100 making indirect contact via two water molecules and D118 making direct contact. 29 The Rv0300 antitoxin has an extended structure consisting of an N-terminal RHH domain and a C-terminal toxin-binding domain joined by a flexible hinge loop
The Rv0300 antitoxin molecule has an extended structure consisting of an N-terminal b-strand followed by four a-helices, which are linked by loops and a short 3 10 -helix [ Fig. 4(A) ]. The N-terminal b1-a1-a2 is identified as a RHH domain by Pfam, 30 a structural motif common in transcription factors that allow sequence-specific DNA-binding. The long loop between a2 and a3 (Q41-T48) forms a hinge, and part of the hinge along with the C-terminal a3-linker-a4 comprises the interface with the toxin. Structural alignments by Dali 31 indicate that the closest homolog to Rv0300 is the orthologous VapB antitoxin FitA from Neisseria gonorrhoeae. Figure 4 (B) shows a structure-based sequence alignment of the Rv0300 antitoxin (chain C) to FitA (PDBid 2H1O, chain F). Rv0300 and FitA share a sequence identity of 17% and align across all residues to a C a RMSD of 5. In the open TA interface, the hinge twists outwards with respect to its cognate toxin, shifting it slightly out of position. In particular, residues Q41, T42, and A43 do not interact with the toxin at all, whereas in the closed interface, these residues have respectively 9%, 76%, and 48% of their accessible surface areas buried in the toxin interface.
The antitoxins have one other segment of flexibility spanned by residues 68-73 [ Fig. 4(F) ]. Residues 68-73 of the two antitoxins in the asymmetric unit clash sterically, and in our crystal structure this segment was modeled as alternately being present in one chain and disordered in the other chain. The occupancy of residues 68-73 was modeled at 0.6 and 0.4 respectively for the closed chain and the open chain.
The Rv0301-Rv0300 complex forms an octamer Two asymmetric units related by a twofold symmetry complete a closed hetero-octamer, in which the bulk of the interactions between the two asymmetric units are formed within the two antitoxin-antitoxin dimers. homologues. Secondary structure elements are based on the Rv0301 structure. The conserved residues are coded in shades of grey with darker shades representing more highly conserved residues. The columns corresponding to the four highly conserved acidic residues of PIN-domain proteins are boxed with a circle on top, and the residues involved in Mg 2þ -coordination are marked with a star on the bottom. Notice that D9 and E43 are highly conserved but do not interact with Mg 2þ , while D119 is poorly conserved but does interact with Mg 2þ . The alignment diagram was generated with Aline.
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The shape complementarity score (sc) for the antitoxin-antitoxin interface is 0.64. 32 The sc scores and the extent of buried surface areas in the interfaces indicate that all of the protein-protein interaction interfaces are tight and extensive. Dynamic light scattering (data not shown) and small-angle X-ray scattering data (Supporting Information) indicate that the complex is monodisperse in solution and confirms that it exists as a stable octamer. The toxin homodimers interact primarily by docking a5 between a3 and a4 giving a pseudo twofold symmetry [ Fig. 5(A) ]. Thirty-eight residues from each toxin make contributions to the interface, burying $1400 Å 2 of the total SASA of each toxin with a sc score of 0.69. The dimer is further stabilized by five salt bridges, formed by (chain B-chain A) E49-R93, R55-D88, D88-R55, R93-E49, and the symmetry-breaking H92-E49. All known structures of prokaryotic PIN domain proteins form dimers. The asymmetric unit can best be described as a dimer of TA heterodimers, held together by the toxintoxin interactions. In the closed TA interaction, 1490 The C-terminus of the antitoxin binds two toxins together
The side chain atoms of the antitoxin W72 and R73, which are the last two residues, interact with the toxin homodimer in a specific manner The toxin homodimer contains two distinct channels with possible biological function, as discussed below. Each toxin molecule has two channels, which line up to form the longer channels in the homodimer. One channel, which has a slightly negative electrostatic potential, is a deep continuous groove occupied by the antitoxins. The other channel, which has mostly positive electrostatic potential, is a shallower groove that lies at an angle to the antitoxin groove [ Fig. 5(D,E) ].
Discussion
Rv0301 toxin is a Mg 21 -dependent ribonuclease with a single metal ion at the active site
There is a growing consensus that VapC toxins are ribonucleases that cleave single-stranded RNA. lali gives the number of aligned positions; nres gives the total number of residues in matched structure.
Indeed, Rv0301 has been reported to exhibit moderate ribonuclease activity in vitro, 13 cleaving singlestranded viral MS2 RNA. However, the catalytic mechanism is not well understood beyond the fact that it depends on divalent metal ions. Specifically, there is an ongoing debate whether the catalytic activity of VapC toxins depend on one or two metal ions. Ours is the first structure of a VapC toxin that shows a coordinated Mg 2þ ion, and our structure of Rv0301 suggests that the mechanism itself relies on a single divalent metal ion. However, the structure does not rule out the possibility that Rv0301 uses a second Mg 2þ ion to stabilize the enzyme-substrate complex as has been suggested for other VapC toxins based on structural similarities to FEN-1 flap nucleases. 12, 33 The side chain carboxyl carbons of D9 and to Q41 aligned to a RMSD of 0.56 Å . E: C-terminal superposition of the two antitoxins. Residues T46-R73 aligned to a RMSD of 0.31 Å . F: Alternate conformations of the antitoxin C-terminal a4 helices. In conformation A, the light antitoxin is fully present but residues L67 to R73 of the dark antitoxin are disordered. In conformation B, the dark antitoxin is fully present but residues L67 to R73 of the light antitoxin are disordered. The Rv0301 toxin dimer is represented as a surface. The a4 helices of the two antitoxins cannot both occupy the toxin binding sites simultaneously due to steric clashes.
The functional unit of Rv0301 toxin is a homodimer
The functional unit of the Rv0301 toxin is most likely the homodimer. About 1400 Å 2 is buried in the interface, and the sc score of 0.69 is also high, comparable to 0.64-0.68 sc values typical of antibody/ antigen interactions. 34 The two facts taken together suggest that the dimer is stable in vivo. Furthermore, the dimer creates a crevice into which W72 of the Rv0300 antitoxin docks, and it forms a continuous groove that covers the putative active sites containing the Mg 2þ -binding pockets [ Fig. 5(E) ]. Assuming two Mg 2þ ions in the dimer, the two metals would be $20 Å apart, so it is likely that the two active sites would work independently.
The Rv0301 toxin dimer has a putative RNA-binding groove distinct to the antitoxin-binding groove
Our proposed RNA-binding site on the Rv0301 toxin dimer lies at an angle to the antitoxin-binding groove. The Rv0300 antitoxins occupy long grooves in the toxin dimer, but electrostatics analysis shows that these grooves have a net negative potential, which makes it unlikely that RNA substrates would bind there. However, there is a shallow groove at an angle to the antitoxin-groove which shows positive potential and could accommodate RNA [ Fig. 5(D,E) ].
The electrostatic surface shows a pocket of negative potential in the toxin lacking a Mg 2þ ion but the presence of the divalent cation would result in positive potential, as can be seen in the corresponding pocket with the Mg 2þ
. If both toxin molecules were to coordinate single Mg 2þ ions, our proposed RNA binding site would have a continuous positive potential, and it would place an RNA substrate in contact with both Mg 2þ ions.
The hinge segment of the Rv0300 antitoxin is extended and flexible but the N-terminal DNA-binding RHH domain and the C-terminal toxin-binding domain are well defined
The crystal structure shows that the antitoxin has two flexible segments. The first is a long loop (Q41 to T48) connecting a2 and a3 that forms a hinge. Changes in the hinge configuration lead to the differences between the closed and open conformations. b-strands, which is a signature of the DNA-binding RHH motif. Rv0300 also has an R7, which is a conserved residue of the RHH motif. Several VapB proteins have been shown to be auto-inhibitors that bind near their promoter regions. 24, 29, 33, 35 It is likely that this is true of Rv0300 as well, with the N-terminal RHH motif of the dimer constituting the DNAbinding region, and possibly enabling the complex to regulate other genes. Our structure is consistent with the proposal that a single antitoxin inhibits both toxin molecules of the dimer. The two flexible loops of the C-terminal loop-helix-loop-helix of the antitoxin Rv0300 form the toxin-binding interface. Conformational changes in the first loop result in the differences between the open and closed TA interfaces. In the open TA interface, the first loop twists slightly outwards with respect to its cognate toxin, shifting it slightly out of position. In particular, the first three residues of the hinge (Q41, T42, and A43) seem to determine whether the antitoxin adopts the closed or open conformation. The second loop either brings the C-terminal helix of Rv0300 in contact with the toxin or shifts it away. In our structure, there is an overlap in the last five residues of the antitoxins, and only one can be in contact with the toxins at a time. While the possibility that the overlap is an artifact resulting from crystal dehydration (due to the microbatch method of crystallization under oil) cannot be discounted, the position of the C-terminal helix is consistent with the structure of DNA-bound VapBC2 complex from R. felis and the authors' proposal that one antitoxin inhibits both toxin molecules of the toxin dimer. 26 The Rv0301-Rv0300 complex octamer is homologous to the FitAB octamer
The overall octamer topology of the Rv0301-Rv0300 complex is similar to the N. gonorrhoeae FitAB, 9 S. flexneri VapBC, 30 and R. 4 hexamer when unbound to DNA based on size exclusion chromatography and multiangle light scattering. 26 However, structures of FitAB, S. flexneri VapBC, and the Rv0301-Rv0300 complex have been observed only as octamers bound or unbound to DNA, so these most likely exist as stable octamers in vivo.
DALI 31 results show that Rv0301 (3H87 chain
A) has a RMSD of 2.3 Å aligning 123 out of 139 residues to FitB (2H1C chain A), and that Rv0300 (3H87 chain C) has a RMSD of 5.5 Å aligning 63 out of 64 residues to FitA (2H1O chain F). FitA binds with higher affinity to its target DNA when complexed with FitB, and the structure of FitAB complexed to DNA reveals that the octamer stabilizes the two resulting RHH motifs in position to bind the inverted repeats in the promoter region.
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The structural homology to FitAB suggests that the biological role of the Rv0301-Rv0300 octamer is similar, although the distance separating the two antiparallel b-sheets is $60 Å in the FitAB octamer and only $30 Å in the Rv0301-Rv0300 octamer. The FitAB octamer binds an inverted repeat with 12 base pairs separating the repeats. The 30 Å shorter distance in Rv0301-Rv0300 suggests that either the RHH ribbons insert into repeats separated only by one or two base pairs or that there is a conformational change when bound to DNA that opens up the Rv0301-Rv0300 octamer. The structure of the R. felis VapBC2 bound to DNA suggests the former possibility. In addition to enhanced DNA-binding affinity, the tightly closed topology of the octamer may serve to protect the antitoxins from protease degradation.
Two factors contribute to the inhibition of Rv0301 toxin by Rv0300 antitoxin
The Rv0300 antitoxin inhibits the Rv0301 toxin by creating steric hindrance for potential RNA targets and by competing away the necessary Mg 2þ ions. In the discussion above of the Rv0301 toxin, we show that electrostatic calculations make it unlikely that putative RNA substrates bind in the groove where the Rv0300 antitoxin binds. The theoretical pI of Rv0300, as calculated by ProtParam 36 is 10.4, which is consistent with the electrostatics results. However, the presence of Rv0300 would hinder access by RNA molecules to our proposed RNA-binding groove. Furthermore, the C-terminal helix of the antitoxin partially blocks the proposed RNA-binding groove, and may completely block access to the active sites. In addition, when comparing the Mg-bound toxin molecule to the Mg-unbound toxin molecule, there is a trans to cis transition in the G109-P110 peptide bond, which shifts D117 and D119 out of position from coordinating a Mg 2þ ion. Finally, our structure indicates that the last two residues of the antitoxin, W72 and R73, are critical for toxin inhibition [ Fig. 5(B,C) ]. W72 is often a purine mimic and could compete directly with an adenosine or a guanosine. The guanidinium moiety of R73, the last residue of Rv0300, fits snugly in the Mg 2þ -binding pocket.
Thus, tight binding of the antitoxin would remove the bound Mg 2þ ion. The role of C-terminal arginines may be a common mechanism of VapB antitoxins as the arginines of N. gonorrhoeae FitAB 9 and
Mtb VapBC-5 12 have also been observed to interact with putative active sites.
Possible biological role of Rv0301-Rv0300
We propose that Rv0301 targets certain RNAs preferentially to regulate cell growth rates and plays a role in Mtb persistence. Ramage et al. have shown that expression of Rv0301 in Mycobacterium smegmatis inhibits translation which leads to retarded cell growth. They have further shown that Rv0301 cleaves viral MS2 RNA in vitro, although with less activity compared to the other toxins they tested. 13 It is reasonable to conclude that the Rv0301 toxin is a ribonuclease that slows cell growth by inhibiting translation via mRNA degradation. The N. gonorrhoeae FitAB system may provide clues by analogy. FitB was first discovered through genetic screens to slow intracellular trafficking. Mattison et al. have proposed that the FitAB complex is bound to its promoter in an extracellular environment, but is released when the cell enters epithelial cells, which allows transcription and accumulation of FitAB, and ultimately results in free FitB. The FitB slows growth so that N. gonorrhoeae cells remain inside the host cells. 9 A similar function may be provided by the Rv0301-Rv0300 pair in Mtb that helps regulate the cell's transition to and from a persistent state depending on whether it resides inside macrophages.
Mattison et al. were unable to detect any ribonuclease activity by FitB in in vitro studies. They argued that FitB may target a specific sequence. This is a plausible hypothesis that could explain the relatively weak activity of Rv0301, and provide an explanation for why the Mtb genome carries so many VapBC loci. The position of the antitoxin W72 provides a shred of circumstantial evidence that putative target RNA molecules must have a purine at a specific location.
Since only the C-terminal helix of the Rv0300 antitoxin directly occludes our proposed RNA-binding site, an Rv0300 mutant with the last helix truncated should bind the Rv0301 toxin with high affinity and reduced inhibitory effect, and a peptide that mimics the last helix could effectively inhibit toxin activity. Either strategy could potentially aid in the design of new drugs; the former to compete with the antitoxin in the hopes that the toxin would kill its cell, and the latter to inhibit toxin function in the hopes that it would hinder the cell from entering a persistent state.
Conclusions
The Rv0301 VapC toxin forms a homodimer which functions as a ribonuclease. Each toxin molecule coordinates a single Mg 2þ ion in its active site, and a shallow groove, which connects the two active sites, forming the probable RNA-binding site. The Rv0300 VapB antitoxin does not bind toxin in the same site as RNA. The C-terminal helix of the antitoxin obstructs the RNA-binding groove and blocks access to the active sites. Additionally, the C-terminal arginines of the antitoxins remove Mg 2þ ions from the active sites.
Accession Number
The atomic coordinates and structure factors of the Mycobacterium tuberculosis Rv0301-Rv0300 complex have been deposited in the Protein Data Bank with accession code 3H87.
Materials and Methods
Cloning of the Rv0301-Rv0300 complex Rv0301 and Rv0300 genes were PCR-amplified from M. tuberculosis H37Rv genomic DNA using Sure-Pol DNA polymerase (Denville Scientific) and the following primers: Rv0301Fwd (5 0 -GACGACGACAA-GATGGTGACTGACCAGCGCTGGCTGATCGACAAG TCGG), Rv0301Rev (5 0 -CGCGGGCGGCCGTATTAAG CGGAAGGCGGGCGATGCGTGAGCCG), Rv0300Fwd (5 0 -GCGGGCCCGGCCTTGATGAGTGATGTACTGAT TCGGGACATCCCCGACGACGTG), and Rv0300Rev (5 0 -GAGGAGAAGCCCGGTATTACCTCCACGCCTGA CGCATAAGCTCGGGATCG).
The PCR products were treated with T4 polymerase and dATP according to the protocol provided with the pET-46 Ek/LIC Vector Kit (Novagen). Following T4 treatment, the products were incubated with the LIC DUET minimal adaptor and Ek/ LIC vector according to the LIC DUET Adaptor kit protocol (Novagen). The primers were designed so that Rv0301 would be in the upstream open reading frame and Rv0300 in the downstream open reading frame of the final vector. The annealed vector was transformed into E. coli NovaBlue GigaSingles Competent Cells (Novagen), which were then plated on LB-agar supplemented with 100 lg/mL of ampicillin. The LIC DUET adaptor introduced an N-terminal MQAGPAL sequence to the Rv0300 gene, and this sequence was removed with the QuikChange mutagenesis kit (Agilent Technologies) using the following primers: Rv0300FixFwd (5 0 -aactttaagaaggagatataccatgagtgatgtactgattcggg), Rv0300FixRev (5 0 -cccgaatcagtacatcactcatggtatatctccttcttaaagtt).
The final construct had two tandem open reading frames, in which the upstream encoded Rv0301 with an N-terminal MAHHHHHHVDDDDK affinity tag and enterokinase site, and the downstream encoded Rv0300 unmodified. All vectors were purified using the Qiagen MiniPrep Kit (Qiagen), and the sequences were confirmed by DNA sequencing (UCLA WebSeq; http://genoseq.ucla.edu/webseq/).
Protein expression and purification
The Rv0301-Rv0300 expression plasmid was transformed into E. coli BL21 Gold (DE3) (Agilent Technologies), and a colony was picked to grow overnight cultures at 37 C in LB broth supplemented with 100 lg/ mL ampicillin. The following day, 6 L of fresh media was inoculated with 10 mL of overnight culture per liter and grown at 37 C until an OD 600nm of 0.6 was reached. At this point protein expression was induced with IPTG to a final concentration of 1.0 mM and the cultures were grown for an additional 16 hours at 25 C. The cells were harvested by centrifugation and the cell pellet was resuspended in 60 mL lysis buffer (50 mM Tris pH 8.0, 500 mM NaCl, 25 mM imidazole pH 8.0, 10 mM b-mercaptoethanol). Protease inhibitor cocktail (Sigma-Aldrich), DNase I (NEB), and RNaseA (Sigma-Aldrich) were added. Cells were lysed by sonication and the lysate was then centrifuged at 29,800g for 30 minutes at 4 C. The supernatant was then passed through a 0.22 lm filter and loaded on to a 5 mL HisTrap Column (GE Healthcare) pre-equilibrated with lysis buffer. The column was then washed with 50 mL of wash buffer (50 mM Tris pH 8.0, 500 mM NaCl, 50 mM imidazole pH 8.0, 10 mM b-mercaptoethanol), and eluted in a step gradient. The complex (as determined by SDS PAGE) coeluted in three peaks with the largest peak eluting at 150 mM imidazole. Following concentration of this fraction, TCEP (1 M stock solution in 50 mM Tris; NaOH was added to a final pH of 7.0) was added to a final concentration of 10 mM. The final concentration of the protein solution used for crystallization was $40 mg/mL (in 50 mM Tris, 500 mM NaCl, 150 mM imidazole, 10 mM TCEP, pH 8.0).
The selenomethionine (SeMet) derivative of the Rv0301-Rv0300 complex was prepared by growing an overnight culture of E. coli BL21 Gold (DE3) (Agilent Technologies) in M9 minimal media supplemented with 100 lg/mL ampicillin. The overnight culture was used to inoculate 6 L of fresh M9 media supplemented with 100 lg/mL ampicillin. The cells were grown at 37 C with shaking. Upon reaching an OD 600nm of 0.5, 50 mg leucine, 50 mg isoleucine, 50 mg valine, 100 mg phenylalanine, 100 mg lysine, 100 mg threonine, and 60 mg selenomethionine were added per liter. After 15 minutes, the cultures were induced with IPTG to a final concentration of 1.0 mM and grown at 25 C for 18 hours. Purification of the SeMet derivative followed the same protocol as for the native complex, and eluted at 120 mM imidazole. Following addition of TCEP to 10 mM, the final concentration of the SeMet derivative protein solution was $30 mg/mL (in 50 mM Tris, 500 mM NaCl, 150 mM imidazole, 10 mM TCEP, pH 8.0).
Crystallization of the Rv0301-Rv0300 complex
The initial crystallization screens were carried out with the complex containing the MQAGPAL artifact. Multiple attempts resulted in poorly diffracting crystals with low reproducibility. Cleaving the affinity tag followed by additional purification steps including size exclusion did little to improve the crystals. New crystallization trials using the complex with MQAG-PAL removed immediately resulted in well diffracting crystals. The best native crystals were formed under the microbatch method as follows: 60 lL of protein solution was mixed with 30 lL of precipitant solution (200 mM potassium acetate, pH 7.0; 7.5% PEG-3350). The mixed solution was then filtered through a 0.1 lm filter. The filtered protein mix was aliquoted in 3 lL drops under 50 lL of paraffin oil. Large single crystals formed in most of the wells and the largest crystals grew to $500 lm in 60 hours.
SeMet crystals were formed as follows: 60 lL of protein solution was mixed with 30 lL of precipitant solution (200 mM potassium acetate, pH 6.5; 4.5% PEG-3350). The mixed solution was filtered through a 0.1 lm filter and 3 lL drops were aliquoted under 50 lL of paraffin oil. After 48 hours, most drops contained one or two crystals with the largest crystals reaching $300 lm in size.
For cryoprotection, both native and SeMet crystals were soaked sequentially in precipitant solution with 5%, 15%, and 25% glycerol for 1 minute each. The crystals were mounted and flash frozen in liquid nitrogen. Data were collected on the 24-ID-C beamline at the Advanced Photon Source of Argonne National Lab. Data from SeMet crystals were used to determine P4 1 2 1 2 symmetry. For the native crystals, in order to maximize high resolution data, data was collected at 10% transmission for 104 images and 1% transmission for 90 images.
Rv0301-Rv0300 structure determination
The data for both native and SeMet crystals were processed with Denzo and Scalepack. 37 Data for phasing was obtained by single-wavelength anomalous dispersion (SAD) at 0.9795 Å . The program HKL2MAP (SHELX C, D, and E) 38 was used to calculate phases to 1.85 Å by first determining a substructure of selenium atoms and its correct enantiomorph. DM 39 was used to improve the experimental phases through density modification and Arp/wARP 40 was used for automated model building. Refmac5 41 and Coot 42 were used for iterative rounds of model refinement and manual extensions. For higher resolution data, the native dataset was used with the phases determined from the SeMet dataset. The native crystals had slightly larger unit cell dimensions, so a rigid body fit was used for the first round of refinement. Refmac5, Coot, and Phenix 28 were used for additional rounds of refinement, and the final rounds of refinement used TLS parameters 43 determined through the TLSmd server (http:// skuld.bmsc.washington.edu/$tlsmd/). The final structure was validated with PROCHECK, 44 ERRAT, 45 and 
